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Environmental exposures affect gamete function and fertility, but the mechanisms are poorly understood. Here, we show that pheromones sensed by ciliated neurons in the Caenorhabditis elegans nose alter the lipid microenvironment within the oviduct, thereby affecting sperm motility. In favorable environments, pheromone-responsive sensory neurons secrete a transforming growth factor-b ligand called DAF-7, which acts as a neuroendocrine factor that stimulates prostaglandin-endoperoxide synthase [cyclooxygenase (Cox)]-independent prostaglandin synthesis in the ovary. Oocytes secrete F-class prostaglandins that guide sperm toward them. These prostaglandins are also synthesized in Cox knockout mice, raising the possibility that similar mechanisms exist in other animals. Our data indicate that environmental cues perceived by the female nervous system affect sperm function.
D
iet and environment have profound, yet largely unexplained effects on fertility in many animals (1, 2) . Essential components of the mammalian diet include the polyunsaturated fatty acids (PUFAs), which are oxidized into labile signaling molecules called prostaglandins ( fig. S1 ). The F-class prostaglandins are among the most abundant and ubiquitous members. Prostaglandins are critical for reproduction (3), but their functions and regulatory mechanisms are incompletely understood. For instance, in vitro studies have shown that prostaglandins induce Ca 2+ influx into human sperm via the CatSper channel (4, 5).
The biological role of this mechanism is not clear, largely because monitoring sperm behavior in the female reproductive tract is difficult.
Cyclooxygenase (Cox) enzymes, the targets of nonsteroidal anti-inflammatory drugs, are thought to be the exclusive enzymatic initiators of prostaglandin synthesis (3) . Prostaglandin species are also formed nonenzymatically under conditions of high oxidative stress (6) . These latter prostaglandins, which are esterified to phospholipids, lack biological regulation and stereoselective generation. The nematode Caenorhabditis elegans generates specific F-class prostaglandins, including prostaglandin F1a (PGF1a) and PGF2a stereoisomers independent of Cox (7, 8) (fig. S1 ). Prostaglandin metabolism is regulated and has an important function in fertilization (8) (9) (10) . Hence, C. elegans possesses an alternative metabolic pathway for F-class prostaglandin synthesis.
Oocytes synthesize numerous F-class prostaglandins from PUFA precursors provided in yolk lipoprotein complexes (8, 9) . These prostaglandins function collectively to guide sperm to the spermatheca, the fertilization site (Fig. 1A) (7) . The worm's transparent epidermis facilitates direct tracking of fluorescently labeled motile sperm. More than 90% of sperm target the spermatheca (Z3) successfully 1 hour after mating (Fig. 1B) .
We previously found that mutations in the daf-7 transforming growth factor-b (TGF-b) ligand cause sperm-targeting defects (8) . daf-7, which is expressed in amphid single (ASI) sensory neurons (Fig. 1A) , functions in a population density sensing mechanism (11) (12) (13) . DAF-7 signals are transmitted through DAF-1 type I and DAF-4 type II receptors (Fig. 1C) (14) . Mutations in daf-7, the daf-1 and daf-4 receptors, or downstream daf-8
and daf-14 R-Smads impair wild-type (WT) sperm targeting to the spermatheca (Fig. 1B and tables S1 and S2). Moreover, loss of the antagonistic co-Smad daf-3 suppresses these defects ( Fig. 1B and table S1 ). We conclude that the DAF-7/TGF-b pathway is essential for sperm targeting. The mechanism is specific to the DAF-7 pathway, as sperm reach the spermatheca efficiently in other TGF-b pathway mutants ( fig. S2 ).
During larval development, the DAF-7/ TGF-b pathway regulates dauer stage entry (11) . In contrast to dauer, the sperm-targeting mechanism is not sensitive to temperature (tables S1 and S2). At 16°C, TGF-b mutants complete gonad development, generate oocytes that undergo meiotic maturation and ovulation, and are fertile ( fig. S3 ). Sperm targeting is abnormal and brood size is reduced (15) , probably due to sperm loss.
To test whether TGF-b functions in adults, we used the RNA interference (RNAi) feeding method to temporally inactivate daf-1 or daf-4 receptors (see supplementary materials and methods). Down-regulating TGF-b signaling in young adults causes sperm-targeting defects ( fig.  S4 ). Therefore, DAF-7/TGF-b promotes sperm targeting independent of earlier roles.
The daf-7 promoter drives gene expression in ASI neurons (11) , which extend cilia through the nose to perceive ascaroside pheromones (13) . Ascarosides accumulate as population density rises, triggering reduced daf-7 expression (12, 13). To test whether daf-7 functions in ASI for sperm guidance, we expressed daf-7 cDNA in daf-7 mutants under the ASI-specific gpa-4 promoter (16). The gpa-4p::daf-7 transgene rescues the sperm guidance defects ( Fig. 2A) . The ascarosides asc-C6-MK and asc-DC9, components of dauer pheromone, repress daf-7 expression in ASI neurons (12) . Synthetic asc-C6-MK and asc-DC9 application to adult hermaphrodites causes spermtargeting defects dependent on the daf-7 promoter and daf-3 Co-Smad ( fig. S5 ). We also observed sperm-targeting defects in daf-19 mutant hermaphrodites lacking sensory cilia, as well as in hermaphrodites exposed to high population density ( fig. S6 ). Collectively, the data indicate that DAF-7/TGF-b couples ascaroside perception to sperm function.
Sperm do not directly transduce TGF-b signals because WT sperm fail to target the spermatheca efficiently in receptor and Smad mutants ( Fig. 1B and tables S1 and S2). To determine the cell type that transduces TGF-b signals, we conducted genetic mosaic analysis on the daf-1 receptor. daf-1 loss in the germline or neuronal lineages causes sperm-targeting defects, whereas loss in somatic gonadal, muscle, intestinal, or epidermal lineages does not appreciably affect sperm guidance ( fig. S7 ). Loss of germline or neuronal daf-1 expression is not as severe as complete daf-1 loss, suggesting that both cell types transduce DAF-7 signals in parallel. As an alternative test, we used an RNAi mosaic strategy to restrict receptor inactivation to the adult germ line. Germline daf-1 or daf-4 receptor inactivation causes sperm-targeting defects, whereas germline daf-7 ligand inactivation does not (Fig. 2B) . These results support the model that DAF-7 functions in part as a neuroendocrine factor that transmits signals directly to oogonia. We also identified a group of head interneurons that perceive DAF-7 signals for sperm guidance (Fig. 2C) . These neurons regulate feeding rate and fat metabolism in a DAF-7-dependent manner (17) . In contrast to feeding and metabolism, interneuron TGF-b signaling to the gonad appears to be mediated by insulin and steroid ligands ( fig. S8 ).
Given that DAF-7 receptors function in oogonia, we hypothesized that TGF-b promotes spermguiding F-class prostaglandin synthesis. Inhibiting oocyte prostaglandin synthesis causes sperm to move with reduced velocity, little directional velocity, and high reversal frequency (7, 8) . Similar motility parameters are observed in daf-7 and (Fig. 1A) . The common target among these promoters is RIM/RIC interneurons (17) . Error bars denote SEM preceding trial number. **P < 0.001.
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monitoring (MRM) mode to measure prostaglandin levels in WT and daf-1 mutant extracts. Oocytes synthesize a mixture of F-class prostaglandins derived from dihomo-g linolenic (F1 subclass), arachidonic and W-3 arachidonic (F2 subclass), and eicosapentaenoic acids (F3 subclass) (7). C. elegans PGF1 (CePGF1) and CePGF2 are mixtures of co-eluting PGF1a and PGF2a stereoisomers, respectively, including the mirror-image stereoisomer of PGF2a called ent-PGF2a (Fig. 3A) . daf-1 mutant extracts contain strongly reduced levels of all F-class isomers (Fig.  3B ). CePGF1 and CePGF2 are reduced by~75% in daf-1 mutants (Fig. 3C) , similar to mutants lacking germ cells (7) . We conclude that DAF-7/TGF-b signaling promotes oocyte prostaglandin synthesis essential for sperm guidance.
PGF2a is prevalent in mammalian follicular fluid, although its functions are incompletely understood. Because DAF-7 regulates Cox-independent CePGF2 synthesis, we tested whether mice lacking Cox enzymes synthesize F-class prostaglandins. The mouse genome contains two Cox genes called Cox-1 (ptgs1) and Cox-2 (ptgs2). Cox-1 −/− ; Cox-2 −/− double knockout (dKO) mouse pups appear similar to WT pups at birth but die within 12 hours due to a patent ductus arteriosus (18) . To directly test whether Cox-independent prostaglandin synthesis occurs in mice, we extracted lipids from mutant and control pups delivered at term. MRM indicates that 6-keto PGF1a, a stable metabolite of prostacyclin (see fig. S9 for prostaglandin structures, retention times, and MRM transitions), is eliminated in dKO mouse extracts (Fig. 4A and  fig. S10A ). In contrast, PGF2a and/or co-eluting ent-PGF2a are present (Fig. 4A and fig. S11 ). The PGF2a stereoisomer 8-epi-PGF2a and/or coeluting 8-epi-15(R) PGF2a are increased in the double mutants (Fig. 4A and fig. S11 ), and an unidentified PGF2a isomer is unaffected by Cox genotype (fig. S11 ). More than 50% of total PGF2a isomer levels remain in Cox dKO pups. PGD2 and PGE2 levels were slightly above the detection limit in WT pups. The absence of 6-keto PGF1a, PGD2, and PGE2 isomers in Cox knockout extracts indicates that free-radical-induced lipid peroxidation, which generates a nonselective mixture of prostaglandin isomers (6) , is inconsequential ( fig. S10 ). These data indicate that Cox enzymes are not essential for mouse F-class prostaglandin synthesis.
Our LC-MS/MS method separates most PGF2a stereoisomers (7, 8, 19) (fig. S9 ). The retention times of the three major PGF2a peaks in Cox dKO mouse extracts are markedly similar to those in C. elegans extracts. When mouse and worm extracts are run consecutively, the three PGF2a isomer retention times are indistinguishable (Fig.  4B) . We also found these PGF2a isomers in brain, stomach, and small intestine tissues from a rare Cox dKO adult mouse that survived development ( fig. S12) , as well as in WT adult mouse and zebrafish tissues (fig. S13) . These results support the idea that Cox-independent prostaglandin synthesis is evolutionarily ancient.
In summary, we delineate a C. elegans signaling pathway by which environmental cues are relayed from head sensory neurons to the gonad. As population density rises and food decreases, reduced DAF-7/TGF-b levels in ASI neurons downregulate R-Smad activity in developing oocytes and head interneurons that modulate feeding rate and fat metabolism. These disrupted neuroendocrine pathways converge on oocytes to inhibit the Cox-independent conversion of PUFAs into F-class prostaglandins. Consequently, sperm fail to locate the spermatheca efficiently, reducing the fertilization rate. This mechanism enables C. elegans adults to modulate reproductive output in response to a dynamic external environment.
This study has two important implications: First, female environmental perception can have strong effects on sperm function. Disrupting the neuroendocrine mechanisms that mediate these effects-through genetic mutation, dietary changes, or environmental exposures-impairs fertility. These mechanisms might be relevant to infertile human couples and internally fertilizing animals with disappearing or changing habitats. Second, an alternative Cox-independent pathway for F-class prostaglandin synthesis emerged early in animal evolution. These prostaglandins probably modulate numerous biological processes, perhaps showing PGF2a isomer retention times in C. elegans (red) and Cox dKO (black) extracts. 8-epi-PGF2a eluting at RT = 11.4 and PGF2a eluting at RT = 11.8 are shown. The C. elegans isomer at RT = 12.1 is CePGF2b, a PGF2a stereoisomer (7). *P < 0.05. ** indicates that PGF2a and ent-PGF2a co-elute, as do 8-epi-PGF2a and 8-epi-15(R) PGF2a (fig. S9 ).
together with Cox-dependent prostaglandins. As prostaglandins are oxidative stress markers and therapeutic targets for many human disorders, the implications are far reaching. grant (S10 RR19261). All data are provided in the main paper and supplementary materials. We declare no conflicts of interest. Viruses are the most abundant biological entities in the oceans and a pervasive cause of mortality of microorganisms that drive biogeochemical cycles. Although the ecological and evolutionary effects of viruses on marine phototrophs are well recognized, little is known about their impact on ubiquitous marine lithotrophs. Here, we report 18 genome sequences of double-stranded DNA viruses that putatively infect widespread sulfur-oxidizing bacteria. Fifteen of these viral genomes contain auxiliary metabolic genes for the a and g subunits of reverse dissimilatory sulfite reductase (rdsr). This enzyme oxidizes elemental sulfur, which is abundant in the hydrothermal plumes studied here. Our findings implicate viruses as a key agent in the sulfur cycle and as a reservoir of genetic diversity for bacterial enzymes that underpin chemosynthesis in the deep oceans.
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C hemolithoautotrophic bacteria are ubiquitous in the dark oceans (1), where they serve as a sink for CO 2 (2) through primary production that equals up to 53% of the particulate organic carbon exported from the photic zone (3). Uncultured sulfur-oxidizing bacteria of the SUP05 clade are among the most abundant and widespread marine chemolithoautotrophs, fixing carbon and oxidizing reduced sulfur species and hydrogen in diverse marine environments such as hydrothermal vent plumes (4), hydrothermal vent-associated animals (5, 6), and oxygen minimum zones (7), where they underpin cryptic links between the sulfur and nitrogen cycles (8) . Although viruses are abundant in these deep-sea ecosystems (9), little is known about viruses that infect lithotrophic primary producers.
We conducted shotgun metagenomic sequencing on samples from five different hydrothermal vent plumes and associated deep ocean waters at the Eastern Lau Spreading Center (Lau Basin) in the western Pacific Ocean and one plume at Guaymas Basin in the Gulf of California (10, 11) (table S1). De novo assembly of sequence reads and binning by tetranucleotide signatures (12) revealed discrete genomic "bins" (fig. S1 ). Five bins (henceforth Lau77, Lau85, Lau87, Lau218, and Lau220) contained 18 viral genome sequences of putative SUP05 viruses. Phylogeny of the viral large terminase gene (terL) (fig. S2) [which reflects phage DNA packaging mechanisms (13) ], synteny with well-characterized phages of known taxonomy ( fig. S3) , and results of protein sequence similarity searches against public sequence databases ( fig. S4 ) indicated that the five viruses belonged to three marine viral families of the orders Caudovirales (double-stranded DNA viruses, no RNA stage), Podoviridae, Siphoviridae, and Myoviridae (table S2) .
Fifteen of the 18 viral genomes (from four of the five SUP05 viral genomic bins) contained genes encoding the a (rdsrA) and g (rdsrC) subunits of the reverse-acting dissimilatory sulfite reductase (Rdsr) complex for elemental sulfur oxidation (Fig. 1) . No other rdsr genes or other sulfur oxidation genes were present on the viral genomes. Analysis of bacterial genome bins recovered from Lau and Guaymas metagenomes revealed colocalized rdsr genes in the order rdsrABEFHCMKLJOPN in the Gammaproteobacteria Lau10 (SUP05), Lau62 (EC-01-9C-26), and Lau60 (unclassified). The Deltaproteobacterium Lau20 (Sar324) (14) possessed only rdsrAB. Regions flanking the bacterial rdsr genes showed no similarity to the viral genome sequences, suggesting that viral rdsr genes were derived from selective retention rather than recent homologous recombination with bacterial genomic DNA.
Phylogenetic analyses indicated that all viral rdsrA genes recovered were affiliated with SUP05 Gammaproteobacteria (74 to 96% amino acid identity) ( fig. S5 ) and distinct from rdsrA genes of other bacteria (Fig. 2) . We identified two distinct groups of rdsrA sequences that each included both viral and bacterial sequences. All viral rdsrA genes fall into group one, except for Lau85, which contained two copies of rdsrAwith one representative in each group. Bacterial representatives of group one included the SUP05 GB-1 and GB-2 from Guaymas, as well as Bathymodiolus mussel symbionts (6) . Group two was populated by SUP05 from oxygen minimum zones (7) and symbionts of deep-sea clams (5) . The tight phylogenetic clustering of rdsrA gene sequences of three distinct phage families with SUP05 bacteria in two separate lineages suggests that the phage rdsrA genes originated from SUP05 and were transferred to viruses. These observations are analogous to those
